Abstract: Jatropha curcas (jatropha) is a multipurpose plant with potential as a raw material for biofuel. In the present study, a total of 43,349 expressed sequence tags (ESTs) from J. curcas were searched for type and frequency of simple sequence repeat (SSR) markers. Five thousand one hundred and seventy-five sequences were indentified to contain 6,108 SSRs with 90.8% simple and 9.2% compound repeat motifs. One hundred and sixty-three EST-SSRs were developed and used to evaluate the transferability and genetic relatedness among 4 accessions of J. curcas from China, Mexico, Thailand and Vietnam; 5 accessions of congeneric species, viz. J. gossypiifolia, dwarf J. integerrima, normal J. integerrima, J. multifida, J. podagrica; and Ricinus communis. The polymorphic markers showed 75.56-85.19% transferability among four species of Jatropha and 26.67% transferability across genera in Ricinus communis. Investigation of genetic relatedness showed that J. curcas and J. integerrima are closely related. EST-SSRs used in this study demonstrate a high efficiency of cross species/genera amplification and are useful for identifying genetic diversity of jatropha and its close taxa and to choose the desired related species for wide crossing to improve new varieties of jatropha. The markers can also be further exploited for genetic resource management and genetic improvement of related species/genera through marker-assisted breeding programs.
Introduction
Jatropha curcas is a multipurpose plant belonging to the family Euphorbiaceae. J. curcas seed is a potential raw material of biofuel because its oil is non-edible, simple to convert to biodiesel by chemical treatment (Berchmans & Hirata 2008) , low production cost, clean and eco-friendly (Parawira 2010) . A limitation in jatropha improvement has been the lack of adequate genetic variation (Johnson et al. 2011) due to low genetic diversity (Sun et al. 2008; Basha et al. 2009; Naek et al. 2011) . However, jatropha has many related species and genera, thus making it possible to be improved through interspecific and intergeneric crosses Pamidimarri et al. 2009 ). To conduct such wide crosses, it is important to understand the genetic relationships among Jatropha species for efficient management, conservation, characterization and utilization . However, little is known about molecular markers developed for jatropha-related species. Senthil et al. (2009) classified three accessions of J. curcas and eight other Jatropha spp. using 9 intersimple sequence repeat (ISSR) markers and clustered them into three groups, i.e., group I included J. curcas, group II included J. tanjorensis, J. gossypiifolia, J. podagrica and J. maheshwarii, and group III included J. villosa, J. multifida, J. integerrima and J. glandulifera. Pamidimarri et al. (2011) found that 31 simple sequence repeat (SSR) markers showed cross amplification in six species, namely J. gossypiifolia, J. podagrica, J. integerrima, J. multifida, J. glandulifera and J. tanjorensis. Yadav et al. (2011) reported the testing 21 of EST-SSRs over 5 different species of Jatropha, with 20 markers amplified in J. integerrima, 14 in J. gossypiifolia, 16 in J. glandulifera and J. multifida, 12 in J. podagrica and 10 in R. communis. Developing more molecular markers which can be utilized for the cross amplifying taxa is yet required.
EST-SSR markers are of choice among different types of molecular markers because of their co-
dominance, high reproducibility and high polymorphism. Furthermore, expressed sequence tag (EST)-SSRs were reported to have high transferability across species and genera because of their greater level of conservation found in transcribed sequences compared to that found in other genome regions (Varshney et al. 2005) . The development of genetic map based on transcribed regions can lead to a rapid identification of functional candidate genes and increase the efficiency of marker-assisted selection. The EST based markers have been successfully used in several plants, but additional information is still needed for jatropha.
Thus the aims of the present study were: (1) to identify and characterize microsatellites in J. curcas ESTs to evaluate their potential as a source for marker development; (2) to develop a set of highly polymorphic EST-SSR markers that can be amplified across species and genera; and (3) to assess the genetic relatedness among Jatropha species/genera using these markers.
Material and methods

Plant materials
The plant materials of this study were from seeds of 4 J. curcas accessions from 4 countries, viz. China (Jc-C), Mexico (Jc-M), Thailand (Jc-T) and Vietnam (Jc-V); and 5 accessions of 4 congeneric species, viz. J. gossypiifolia (Jg), dwarf J. integerrima (Ji-D), normal J. integerrima (Ji-N), J. multifida (Jm), J. podagrica (Jp) and castor bean (Ricinus communis, Rc). All 10 accessions were maintained in an experimental field of the Department of Agronomy, Faculty of Agriculture at Kamphaeng Saen, Kasetsart University, Thailand.
DNA extraction
Genomic DNA of each accession was extracted from young leaves using the protocol of Tanya et al. (2011b) . The quality of total genomic DNA was examined on 0.8% agarose gel electrophoresis and total genomic DNA concentration was determined using a spectrophotometer NanoDrop 8000 (Nanodrop Technologies, DE, USA). The total DNA was diluted in TE buffer to a concentration of 10 ng/µL for PCR amplification.
J. curcas EST database and mining of SSR All J. curcas EST sequences available up to August 2011 in the NCBI database (http://www.ncbi.nlm.nih.gov/projects/ dbEST/) were downloaded. These ESTs were assembled using the CAP3 assembler software. The singlets and contigs developed from the in-house dataset constituted 43,349 sequences. The MIcroSAtellite (MISA) software (http://pgrc.ipk-gatersleben.de/misa) was used to identify EST-SSRs. The MISA script was set to include microsatellites containing motifs that were between one to six nucleotides long, with a minimum of ten repeats for mononucleotide, six repeats for dinucleotides and five repeats for higher nucleotide numbers.
Development of EST-SSR primers
EST sequences flanking the microsatellite motifs were used to design PCR primers employing two softwares, Primer3Plus
(http://www.bioinformatics.nl/cgi-bin/ primer3plus/primer3plus.cgi) and BatchPrimer3 V1.0 (http: //probes.pw.usda.gov/batchprimer3/). The parameters of Primer3Plus software were product size 100-300 bp, primer size 18-27 bp (optimum 20 bp) and primer melting temperature between 57 
PCR and data analysis
One hundred and sixty-three EST-SSR primer pairs were used for amplification on 10 accessions of J. curcas, related species and outgroup. One hundred and thirty-five polymorphic pairs were submitted to the NCBI Probe database and were assigned the accession numbers #PROBEDB PUID from 16586515 to 16586649. DNA amplification was carried out in a 10 µL reaction volume including 20 ng of genomic DNA, 1× PCR buffer (200 mM (NH4)2SO4, 750 mM TrisHCl), 0.2 mM dNTPs, 3 mM MgCl2, 0.4 µM of each forward and reverse primers, and 1 U of Taq DNA polymerase (Fermentas). The amplification reaction was carried out as described above in a PCT-100TM Thermal Controller programmed at 94
• C for 4 min, followed by 35 cycles of denaturing at 94
• C for 1 min, annealing at 48-54
• C (based on the Tm of the primer set) for 30 s, extension at 72
• C for 1 min, and final extension at 72
• C for 5 min. The PCR products were run on a 5% denaturing polyacrylamide gel having ΦX174 DNA/HinFI marker (Ferrmentas, Vilnius, Lithuania) as a molecular-weight standard and subsequently silver stained. The PCR products from 10 accessions were used for identification of monomorphic, polymorphic and nonamplifying primer pairs. The amplified bands of EST-SSRs were recorded as biallelic (present = 1, absent = 0). The percentage of polymorphism (PP) was calculated by using the formula: PP = 100 × (total number of polymorphic bands / total number of bands). Genetic similarity between accession pairs of the accessions were assessed based on Jaccard's similarity coefficient. The genetic similarity matrix was then used to perform cluster analysis with the unweighted pair group method with arithmetic average (UPGMA) algorithm (Sneath & Sokal 1973 ). All the above analyses were performed using NTSYSpc software version 2.20k (Rohlf 2009) . A cophenetic correlation coefficient (r) was estimated to specify the quality level of data set clustering (Sokal & Rohlf 1994) . The dendrogram was also validated by bootstrap values calculated using Winboot software (Yab & Nelson 1996) .
Functional annotation of EST-SSRs
The functions of ESTs associated to EST-SSR polymorphic markers in this study were predicted through similarity search with protein sequences in the GenBank database using BLAST-X (http://www.ncbi.nlm.nih.gov/BLAST) and BLAST2GO (http://www.blast2go.com/2bglaunch) software tools.
Results
Frequency and distribution of EST-SSRs
A total of 23,556 kb of J. curcas genome sequences containing 43,349 ESTs was screened for SSRs. These EST sequences represent approximately 5.7% of the estimated 416 Mb of J. curcas genome (Carvalho et al. 2008) . The SSR screening resulted in the identification of 5,175 sequences (11.9%) containing 6,108 SSRs (Table 1). The number of sequences containing single SSRs with different motif types was 4,417, and sequences contained more than two SSRs was 758. Of the 6,108 SSRs, 5,546 (90.8%) were simple repeat motifs and 562 (9.2%) were compound forms. On the average, one SSR was found per 3.86 kb of J. curcas genome sequence. Mononucleotide was the largest group of repeats (51.2%), followed by dinucleotides (25.1%), trinucleotides (22.2%), tetranucleotides (0.8%), pentanucleotides (0.4%) and hexanucleotides (0.3%). The mono-, di-and tri-nucleotide repeats represented the majority of EST-SSRs in J. curcas. The number of repeats in different SSR motifs varied from 5 to 101 (Table 1) . Among the mononucleotide repeats, A/T had much higher frequency than C/G with 94.7% against 5.3%. Among the dinucleotide repeats, AG/CT was the most common motif (74.4%), followed by AT/AT and AC/GT with 19.9% and 5.6%, respectively. The CG/CG motif was found in only 0.1%. Among the trinucleotide repeats, AAG/CTT was the most common motif (30.9%) followed by AAT/ATT and AGG/CCT with 20.4% and 11.1%, respectively. The motifs AAAT/ATTT and AAAG/CTTT were common among tetranucleotide repeats with 40.8% and 36.7%, respectively. Similarly, AAAAT/ATTTT and AAAAG/CTTTT were also common among pentanucleotide repeats with 47.8% and 30.4%, respectively. Ultimately, among the hexanucleotide repeats, AACAGC/CGTTGT were the most common motifs (28.6%) followed by ACCACG/CTGGTG (19.0%).
Development of EST-SSR markers
Di-and tri-nucleotide repeats are majority of ESTSSRs in J. curcas. Thus, some of them were chosen to design primers from which 163 novel EST-SSR primers were designed. Primers were used to search for amplicons in the 10 accessions of this study and these were successfully obtained in 135 (82.82%) cases, but only 118 (72.39%) of them were polymorphic, while (Table 2 ). All polymorphic EST-SSR primers were 68.64% dinucleotide repeats and 31.36% were trinucleotide repeats.
Transferability of EST-SSR markers
The cross amplifications among the four Jatropha species and R. communis were tested for the transferability of the 135 EST-SSR markers across species and genera. J. integerrima gave the highest number of cross species amplification (115), followed byJ. gossypiifolia, J. podagrica, J. multifida and R. communis with 112, 104, 102 and 36 markers, respectively. Among them, 34 markers could be amplified in all accessions, but 26 (76.47%) were polymorphic, while 11 markers were amplified in J. curcas, but not in the other species/genus. A pair-wise comparison in percentage of polymorphism among jatropha-related species/genus is given in Table 3. As expected, the highest percentage of polymorphism (80.56%) was found in J. curcas vs. R. communis and J. integerrima vs. R. communis, while the lowest polymorphism (54.17%) was found between J. podagrica and J. multifida.
Analysis of genetic relationships with EST-SSR markers
One hundred and thirty five EST-SSR markers were used to assess the genetic relationships among jatropha and jatropha-related species. A dendrogram was generated by UPGMA based on Jaccard's similarity coefficient and evaluated for bootstrap consistency. The Jaccard's coefficients ranged from 0.051 to 1.000 (Table 4) and the accessions were clustered into two major groups (Fig. 1) . The first group included all Jatropha spp. and the other one included R. communis only. The Jatropha species can further be divided into two sub-groups. The first sub-group comprised J. curcas from China, Mexico, Thailand, Vietnam, normal J. integerrima and dwarf J. integerrima. The second sub-group included J. gossypiifolia, J. multifida and J. podagrica. The least genetic distance was found between J. podagrica and J. multifida. The highest genetic distance was found between J. curcas vs. R. communis and J. integerrima vs. R. communis. The resulting dendrogram was well supported by high bootstrap values ( Fig. 1 ) and a high cophenetic correlation coefficient of 0.999.
Functional classification of EST-SSR markers
A functional classification of EST-SSRs (Gene Ontology Terms: GO-Terms) revealed that out of the 118 polymorphic EST-SSRs, 111 were annotated and classified into more than 353 functional categories. Many Table 3 . Pair-wise comparison in percentage of polymorphism among jatropha-related species and R. communis using EST-SSR primers found in J. curcas database. a Table 4 . Genetic similarity calculated from EST-SSR data among jatropha-related species/genus. a ESTs were assigned into several categories. Three main categories, which contain 124 ESTs, are biological process, cellular process and metabolic process (Fig. 2) .
Discussion
Characterization of EST-SSRs in J. curcas A total of 43,349 ESTs representing almost 5.7% of the estimated 416 Mb of the J. curcas genome (Carvalho et al. 2008) were screened for SSRs, and 11.9% of the sequences contained microsatellite motifs. This result corresponded with those of Kumpatla & Mukhopadhyay (2005) who reported the frequency of EST-SSRs ranging from 2.65 to 16.82% in dicotyledonous species. The frequency of EST-SSRs was the average of one SSR for every 3.86 kb of J. curcas genome sequence. A high proportion of repeat motifs included mononucleotide (51.2%), dinucleotides (25.1%) and trinucleotides (22.2%). The overall frequency and the frequency of different repeat motifs are related to the criteria used to identify SSR in the database mining (Varshney et al. 2005) . Among the dinucleotides and trinucleotides, the AG/CT and AAG/CTT repeat motifs were the most common, representing a frequency of 74.4% and 30.9%, respectively. This finding is similar to the results reported by Yadav et al. (2011) and clearly confirmed that J. curcas ESTs are valuable resources of SSR markers.
Development of EST-SSR markers and cross-species/ genera SSR transferability There are advantages and applications of deriving microsatellite markers from EST libraries (Johnson et al. 2011) . EST-SSRs allows the identification of variability in the transcribed regions of the genome, leading to development of gene-base maps that help accelerating identification of functional candidate genes, and increase the efficiency of marker-assisted selection. Moreover, EST-SSR markers also show high cross transferability among species or genera (Varshney et al. 2005; Wen et al. 2010) . The EST-SSRs from other Euphorbiaceae members were assessed for their cross-taxa transferability to J. curcas. A total of 187 EST-SSR and 54 genomic SSR markers from Manihot esculenta (cassava) were found to be polymorphic in J. curcas (Wen et al. 2010) . Only one report is available on the development of EST-SSR markers from J. curcas to study the transferability to other species and genera. Yadav et al. (2011) obtained a total of 702 sequences containing 786 SSRs from the NCBI database of J. curcas. Twentyone EST-SSR markers were polymorphic and showed transferability to five species of Jatropha and across the genera to R. communis. While in the present study we found a total of 5,175 sequences containing 6,108 SSRs, only 118 markers were polymorphic, 115 (85.19%) were amplified in J. integerrima, and only 36 (26.67%) in R. communis. Other species showed transferability in the range of 76.1-84.6%. Our results agree with Gao et al. (2005) who reported that the transfer rate decreases slightly in more closely related species and becomes lower in the most distantly related species in the genus.
Genetic relatedness among the Jatropha species/genera Many studies were carried out to analyze the genetic relatedness among Jatropha species with markers, such as amplified fragment length polymorphism (Pamidimarri et al. 2009 ), ISSR (Tanya et al. 2011b) , randomly amplified polymorphic DNA (Ganesh et al. 2008; Pamidimarri et al. 2009 ) and SSR (Pamidimarri et al. 2011; Tanya et al. 2011a ). In the present study, the highest rate of genetic similarity was found within J. curcas and then between J. curcas and J. integerrima, which is in agreement with Ganesh et al. (2008) and Tanya et al. (2011b). EST-SSR primers identified in this study had a good cross species/genera amplification efficiency and thus are useful to identify genetic diversity of J. curcas and its close taxa as well as to choose the desired related species for wide crossing to improve jatropha. The information can also further be exploited for genetic resource management and genetic improvement of the species/genera through marker-assisted breeding programs.
